Insulin-like growth factors (IGFs) stimulate myoblast proliferation and differentiation. It remains elusive how these mutually exclusive cellular responses are elicited by the same growth factor. Here we report that whereas IGF promotes myoblast differentiation under normoxia, it stimulates proliferation under hypoxia. Hypoxia activates the HIF-1 transcriptional program and knockdown of HIF-1α changes the mitogenic action of IGF into myogenic action under hypoxia. Conversely, overexpression of HIF-1α abolishes the myogenic effect of IGF under normoxia. Under normoxia, IGF activates the Akt-mTOR, p38, and Erk1/2 MAPK pathways. Hypoxia suppresses basal and IGF-induced Akt-mTOR and p38 activity, whereas it enhances and prolongs IGF-induced Erk1/2 activation in a HIF-1-dependent fashion. Activation of Akt-mTOR and p38 promotes myogenesis, and p38 also inhibits proliferation. Activation of Erk stimulates myoblast proliferation but inhibits differentiation. These results suggest that hypoxia converts the myogenic action of IGFs into mitogenic action by differentially regulating multiple signaling pathways via HIF-1-dependent mechanisms. Our findings provide a mechanistic explanation for the paradoxical actions of IGFs during myogenesis and reveal a novel mechanism by which cells sense and integrate growth factor signals and oxygen availability in their microenvironments.
Insulin-like growth factors (IGFs) stimulate myoblast proliferation and differentiation. It remains elusive how these mutually exclusive cellular responses are elicited by the same growth factor. Here we report that whereas IGF promotes myoblast differentiation under normoxia, it stimulates proliferation under hypoxia. Hypoxia activates the HIF-1 transcriptional program and knockdown of HIF-1α changes the mitogenic action of IGF into myogenic action under hypoxia. Conversely, overexpression of HIF-1α abolishes the myogenic effect of IGF under normoxia. Under normoxia, IGF activates the Akt-mTOR, p38, and Erk1/2 MAPK pathways. Hypoxia suppresses basal and IGF-induced Akt-mTOR and p38 activity, whereas it enhances and prolongs IGF-induced Erk1/2 activation in a HIF-1-dependent fashion. Activation of Akt-mTOR and p38 promotes myogenesis, and p38 also inhibits proliferation. Activation of Erk stimulates myoblast proliferation but inhibits differentiation. These results suggest that hypoxia converts the myogenic action of IGFs into mitogenic action by differentially regulating multiple signaling pathways via HIF-1-dependent mechanisms. Our findings provide a mechanistic explanation for the paradoxical actions of IGFs during myogenesis and reveal a novel mechanism by which cells sense and integrate growth factor signals and oxygen availability in their microenvironments.
Akt | hypoxia-inducible factor | muscle cells | MAPK | mTOR I nsulin-like growth factors (IGFs) play critical roles in skeletal muscle differentiation and growth. IGF ligand or receptor knockout mice exhibit muscle hypoplasia (1) . Mice with muscle specific overexpression of IGF1 have larger muscle fibers and enhanced muscle strength as they age (2) . During myogenesis, the expression of IGFs in muscles, particularly IGF-II, increases dramatically (3) due to the auto-regulation by IGF-II of its own gene expression (4) . In vitro, IGF-II antisense oligonucleotides abolish, and IGF-II overexpression accelerates myoblast differentiation (1, 5) . Intriguingly, IGFs have been shown to not only promote myogenic differentiation but also stimulate myoblast proliferation in cultured myoblast cells, and these actions are mediated through the same IGF-I receptor (IGF1R) (1, 6) . The IGF1R uses two major intracellular signaling pathways, namely the phosphatidylinositol 3-kinase (PI3K)-Akt cascade and the Raf-MEK-mitogen-activated protein kinase (MAPK)-extracellular signal-regulated kinase (Erk) cascade (7) . Several laboratories have reported that activation of the PI3K-Akt-mTOR pathway promotes myogenic differentiation (3, 4, 8) . Despite extensive knowledge of the intracellular cascades that transmit the IGF signal to the nucleus, it remains elusive as to how the IGF ligands, acting through the same IGF1R, stimulate two mutually exclusive cellular responses.
In multicellular organisms, cell growth, proliferation, differentiation, and survival are not only regulated by hormonal or growth factor signaling, but are also influenced by the availability of oxygen and nutrients in their microenvironments. Adaptation to low oxygen, or hypoxia, is a critical event for cells under numerous physiological and pathological situations. Hypoxiainducible factor-1 (HIF-1) regulates many of the hypoxic responses (9) . HIF-1 is composed of a stable β subunit and an oxygen-regulated α subunit (10) . The HIF-1 complex binds to hypoxia-response elements (HREs) of its target genes and regulates their transcription. Recent studies have shown that hypoxia influences proliferation and differentiation of various stem/progenitor cell populations in mammals, in addition to its well-established roles in altering cellular energy metabolism and angiogenesis (11) .
In this study, we tested the hypothesis that oxygen availability plays a critical role in specifying the cellular responses to IGF signaling in skeletal muscle cells. We show that whereas IGF signaling promotes muscle cell differentiation under normoxia, it stimulates proliferation under hypoxia. Our further analyses revealed that the activated HIF-1 complex and its transcriptional program converts the myogenic action of IGFs into mitogenic action, and it does so by differentially regulating multiple signaling pathways.
Results
Hypoxia Changes Myogenic Action of IGFs into Mitogenic Action. The effects of IGF-II on muscle cell differentiation and proliferation in differentiating C2C12 myoblasts were examined under normoxia (N) and hypoxia (H). 36 h treatment with IGF-II caused a 2.5-fold increase (P < 0.001) in the differentiation index ( Fig. 1A and Fig. S1A ) and an 11.2% increase (P < 0.05) in total cell number under normoxia (Fig. 1B) . Under hypoxia, 36-h treatment with IGF-II had no effect on differentiation but caused a 45.7%, highly significant increase (P < 0.001) in total cell number (Fig. 1B) . This IGF-II-induced increase in cell number under hypoxia was mostly due to elevated cell proliferation, as indicated by a significant increase in BrdU labeling (Fig. S1B) . At 72 h, IGF-II treatment caused a 2.32-fold increase (P < 0.01) in cell differentiation but had no effect on cell number under normoxia (Fig. 1A) . Under hypoxia, IGF-II actually strongly suppressed differentiation (P < 0.001). IGF-II increased the cell number by 47.6% (P < 0.001) at this time point (Fig. 1B) . Cell differentiation reached its maximal levels at 96 h under normoxia, and IGF-II did not cause a further increase, but it still suppressed cell differentiation under hypoxia (Fig. 1A) . At this time point, IGF-II caused a significant increase in cell number under hypoxia (Fig. 1B) . Addition of NVP-AEW541, a specific IGF1R inhibitor To whom correspondence should be addressed. E-mail: cduan@umich.edu.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0909570107/DCSupplemental. (12) , abolished the IGF-II-induced increase in differentiation (Fig. 1C) under normoxia, as well as the IGF-II-induced increase in cell number under hypoxia (Fig. 1D) . These results indicate that whereas IGF-II promotes myogenic differentiation under normoxia, it stimulates myoblast proliferation under hypoxia by activating the same IGF1R. This is not unique to IGF-II, because we observed a similar effect of hypoxia in changing IGF-I from a myogenic signal into a mitogenic one in these cells (Fig. S2 ).
Hypoxia Alters Cellular Responses to IGFs Through HIF-1-Dependent
Mechanisms. Hypoxia activates the HIF-1 complex in differentiating C2C12 myoblasts, as indicated by increased nuclear HIF-1α levels, increased HIF-1-dependent transcription activity, and increased HIF-1 target gene expression (Fig. S3 ). To determine whether the effect of hypoxia in specifying IGF actions is dependent on HIF-1, an HIF-1α siRNA construct was generated. Introduction of this construct into cultured myoblasts resulted in a marked reduction in the levels of nuclear HIF-1α protein under hypoxia, whereas the control vector had no such effect ( Fig. 2A) . We further tested the effectiveness of the HIF-1α siRNA by co-transfecting it with a HIF-1 reporter construct, p2.1. Whereas hypoxia caused a significant increase in the HIF-1 reporter gene expression in the control siRNA transfected cells, this increase was abolished in the HIF-1α siRNA transfected cells (Fig. 2B) . No difference was seen in the control reporter gene expression (Fig. 2B) . Next, the possible role of HIF-1 in specifying IGF actions was examined. In cells transfected with the control vector, IGF-II increased differentiation only under normoxia (Fig. 2C ). In the HIF-1α knockdown cells, IGF-II caused a significant increase in the differentiation index under both normoxia and hypoxia (Fig. 2C) . Whereas IGF-II caused a significant increase (38%, P < 0.01) in cell number under hypoxia in the control cells, this effect was abolished in the HIF-1α knockdown cells (Fig. 2D) , which suggests that HIF-1α is required for converting the myogenic action of IGF-II into mitogenic action under hypoxia. We next tested the effect of HIF-1α overexpression on IGF actions. In the control vector transfected cells, IGF-II increased differentiation under normoxia but not hypoxia (Fig. 2E) . Overexpression of HIF-1α did not change basal differentiation levels, but it abolished the IGF-II-induced increase in differentiation under normoxia (Fig. 2E) . There was no significant difference in the cell number between the control and HIF-1α vector transfected cells in the presence or absence of IGF-II (Fig. 2F ). These data suggest that HIF-1 plays a critical role in specifying IGF-II actions in C2C12 myoblast cells.
Hypoxia Inhibits Myogenic Action of IGF by Suppressing Akt-mTOR Signaling. As mentioned above, IGF promotes myogenic differentiation via the PI3K-Akt-mTOR pathway. We therefore examined the possible impact of hypoxia on this signaling pathway. Whereas the levels of phospho-Akt increased as differentiation progressed under normoxia, they remained extremely low under hypoxia (Fig. 3A) . Total Akt levels were also decreased under hypoxia, but the reduction in phospho-Akt levels caused by hypoxia was much more pronounced. Hypoxia also suppressed mTOR activity in differentiating C2C12 myoblasts (Fig. S4 ). We next examined the IGF-induced Akt signaling activity by stimulating cells with a low dose of IGF-I, which is a more potent ligand for the IGF1R. IGF-I stimulation resulted an increase in Akt phosphorylation at 10 min, and this activation lasted for at least 30 min under normoxia. Under hypoxia, the degree of Akt activation was significantly diminished (P < 0.01) ( Fig. 3 B and C) . These results suggest that hypoxia represses basal as well as IGF-induced Akt-mTOR activation in differentiating myoblasts. To determine whether this reduced Akt activation under hypoxia is HIF-1-dependent, cells transfected with control or HIF-1α siRNA were examined. As shown in Fig. 3 D and E, the levels of IGF-induced phosphorylated Akt in the HIF-1α knockdown cells were significantly higher than those of the control cells under hypoxia. These results show that hypoxia represses basal and IGF-stimulated Akt signaling activity via a HIF-1-mediated mechanism.
We postulated that this repression down-regulates mTOR activity and thereby suppresses the myogenic action of IGFs. To test this idea, myrAkt, a constitutively active form of Akt, was introduced into C2C12 cells. Overexpression of myrAkt alleviated the hypoxia-induced reduction in mTOR signaling activity (Fig. S4) . Hypoxia decreased the differentiation index by 7.0-fold (P < 0.05 compared with the normoxia control), whereas expression of myrAkt restored differentiation to a level comparable to the normoxia control group (Fig. 3F) . Expression of myrAkt also increased the differentiation index by 3.5-fold (P < 0.001) under normoxia. However, myrAkt expression did not result in any increase in cell number (Fig. 3G ). Rapamycin inhibited basal as well as myrAkt-induced S6 phosphorylation (Fig. S4 ). These results indicate that myrAkt rescues myoblast differentiation under hypoxic conditions via restoration of mTOR activity.
Next, we inhibited mTOR activity using rapamycin. Under normoxia, IGF-II increased cell differentiation by 2.4-fold (P < 0.01) (Fig. 3H) . Rapamycin abolished the differentiationpromoting effect of IGF-II and reduced basal differentiation levels (P < 0.001) (Fig. 3H) . Thus, mTOR suppression abolishes the myogenic action of IGF-II. Of note, the group treated with IGF-II and rapamycin had a higher differentiation index value compared with the group treated with rapamycin alone (0.61% vs. 0.03%, P < 0.01), suggesting potential contributions by other signaling pathways. As shown in Fig. 3I , rapamycin caused a modest decrease in basal cell number under both normoxia and hypoxia, but it had little effect on the IGF-II-induced increase in cell number under hypoxia. These results suggest that the IGF1R inhibitor NVP-AEW541 abolishes myogenic action (C) and mitogenic action (D) of IGF-II. Cells were cultured in differentiation medium supplemented with or without IGF-II (300 ng/mL) and/or NVP-AEW541 (1 μM) under normoxic or hypoxic conditions for 36 h. Data are means ± SE, n = 4-9. *P < 0.05, ** P < 0.01; *** P <0.001. ns, Not significant.
reduced Akt-mTOR signaling activity is responsible for the loss of myogenic action of IGF-II under hypoxia.
Hypoxia Promotes Mitogenic Action and Inhibits IGF Myogenic Action
by Altering Erk1/2 and p38 MAPK Activities. Unlike the case of Akt, hypoxia did not decrease basal Erk1/2 MAPK signaling activity (Fig. 4A) . Under normoxia, IGF stimulation caused a rapid and transient increase in phospho-Erk1/2 levels (Fig. 4B) . Under hypoxia, the levels of phosphorylated Erk1/2 induced by IGF-I were significantly higher at 15 min (2.8-fold, P < 0.01). At 30 min, the Erk1/2 activity returned to basal levels under normoxia, but it remained significantly elevated under hypoxia (Fig. 4C) . The increased Erk activation under hypoxia was HIF-1-dependent, because knockdown of HIF-1α caused significant reduction in Erk activation at 10 min and 15 min (Fig. 4 D and E) .
U0126, an Erk1/2 inhibitor, was used to investigate the role of Erk1/2. IGF-II significantly increased myoblast differentiation under normoxia, and inhibition of Erk1/2 by U0126 resulted in a further increase in differentiation in response to IGF-II (1.8-fold, P < 0.01) (Fig. 4F) . Under hypoxia, IGF-II had no myogenic effect. Inhibition of Erk1/2 by U0126, however, restored its myogenic effect. An opposite trend was observed with the mitogenic action. IGF-II caused a significant increase in cell number under hypoxia (56% increase, P < 0.001). Inhibition of Erk1/2 by U0126 not only reduced basal cell number, but also inhibited the mitogenic action of IGF-II (Fig. 4G) . These data suggested that Erk1/2 MAPK mediates IGF-induced cell proliferation and inhibits the myogenic action of IGF-II.
We next investigated the p38 MAPK pathway, which has been shown to play an essential role in myogenesis by activating myogenic transcription factors such as MEF2 and MyoD (13). Overexpression of HIF-1α abolishes myogenic response to IGF-II under normoxia. Cells transfected with control or HIF-1α expression plasmid were cultured in differentiation medium with or without IGF-II (300 ng/mL) under normoxic or hypoxic conditions. Differentiation index and total cell number were determined. Data are mean ± SE, n = 3. Hypoxia caused a significant reduction in phospho-p38 MAPK levels in differentiating myoblasts (55%, P < 0.001; Fig. S5 A and  B) . IGF stimulation increased p38 MAPK activity in the early stages of myogenesis ( Fig. S5 C and D) . Pharmacological blockade of p38 MAPK α and β was achieved using the p38 inhibitor SB203580. Under normoxia, SB203580 inhibited the basal differentiation and blocked the myogenic action of IGF-II (Fig. 5A) . Inhibition of p38 MAPK by SB203580 alone did not affect the cell number, but it increased the mitogenic effect of IGF-II under normoxia. The group treated with IGF-II and SB203580 had significantly more cells compared with the group treated with IGF-II alone (P < 0.05) (Fig. 5B) . Consistent with the low p38 MAPK activity under hypoxia, addition of SB203580 did not affect basal or IGF-II-induced changes in differentiation or cell number under hypoxia (Fig. 5 A and B) . To further examine the role of p38 MAPK, we overexpressed CaMKK6, a constitutively active form of MKK6 that activates p38 MAPK (14) . Overexpression of CaMKK6 caused a 2.54-fold, highly significant increase in differentiation in the absence of IGF-II under normoxia and restored cell differentiation under hypoxia to a level comparable to normoxia control (Fig. 5C) . Expression of CaMKK6 did not cause significant changes in cell number under normoxia, but it did inhibit the IGF-II-induced cell number increase under hypoxia (Fig. 5D) . Taken together, the data show that hypoxia strongly represses p38 MAPK activity, which contributes to the conversion of the myogenic action of IGF-II into mitogenic action under hypoxia.
Hypoxia Converts Myogenic Action of IGFs into Mitogenic Action in
Primary Cells. Next, we tested our hypothesis in primary myoblasts isolated from neonatal mice. Primary myoblasts were induced to differentiate under normoxia or hypoxia with or without IGF-II Activation of p38 MAPK increases differentiation but inhibits proliferation. C2C12 cells were transfected with control plasmid or constitutively active MKK6 (CaMKK6) plasmid and induced to differentiate under normoxic or hypoxic conditions. At 24 h after differentiation was induced, differentiation index (C) and total cell number (D) were determined. Data are mean ± SE, n = 3. (E and F) Hypoxia converts myogenic action of IGF-II into mitogenic action in primary muscle cells. Primary murine skeletal myoblasts were induced to differentiate under normoxia or hypoxia with or without 100 nM rapamycin, 10 μM SB203580, or 10 μM U0126, and supplemented with or without IGF-II (400 ng/mL). At 14-21 h after induction of differentiation, cells were fixed and quantified for differentiation (E) and cell number (F). Data are mean ± SE, n = 3. (G) Schematic diagram illustrating mechanisms by which hypoxia specifies IGF actions. There are at least three signaling pathways downstream of the IGF1R: Akt-mTOR, p38 MAPK, and Erk1/2 MAPK in myoblasts. Activation of Akt-mTOR pathway strongly promotes myogenic differentiation (arrow) but has little effect on proliferation (circle). Activation of p38 MAPK promotes differentiation and inhibits proliferation (horizontal line). In contrast, activation of the Erk1/2 MAPK stimulates proliferation but inhibits differentiation. Under normoxia, binding of the IGF1R by IGF strongly activates the Akt-mTOR signaling pathway and p38 MAPK pathway (solid lines). Both Akt-mTOR and p38 MAPK positively contribute to myogenesis by up-regulating myogenic genes. IGF also activates Erk1/2 MAPK signaling, which results in a modest increase in cell number. Hypoxia alters cellular response to IGF signaling by suppressing Akt-mTOR and p38 MAPK signaling activities (broken lines). Hypoxia, through the activation of HIF-1, up-regulates REDD and several glycolytic enzymes expression, which inhibit Akt and mTOR activity. Under hypoxia, binding of the IGF-1R by IGF preferentially activates the Erk1/2 MAPK signaling pathway, which in turn stimulates cell proliferation and suppresses differentiation. and various pharmacological inhibitors. As shown in Fig. 5 E and F, hypoxia inhibited basal differentiation and abolished IGF-IIinduced differentiation. IGF-II increased differentiation by 1.85-fold (P < 0.01) under normoxia, whereas it increased cell number under hypoxia (46%, P < 0.05). Addition of rapamycin and SB203580 decreased basal differentiation levels and abolished IGF-II-induced increases in cell differentiation under normoxia. Inhibition of Erk1/2 activity by U0126 had no effect under normoxia, but it significantly increased differentiation in the presence or absence of IGF-II under hypoxia (Fig. 5E) . Addition of U0126 abolished the mitogenic effect of IGF-II under hypoxia. In comparison, inhibition of mTOR or p38 MAPK did not abolish the mitogenic effect of IGF-II (Fig. 5F ). These data demonstrate the physiological relevance of the observations made in C2C12 cells.
Discussion
In this study, we show that whereas IGFs promote muscle cell differentiation under normoxia, they stimulate proliferation under hypoxia. Our genetic and pharmacological evidence suggest that the suppression of Akt and mTOR activity is responsible for the loss of the myogenic action of IGFs under hypoxia. Hypoxia strongly represses the basal and the IGF-stimulated Akt-mTOR signaling activity in differentiating myoblasts. Overexpression of the constitutively active myrAkt restores the ability of IGF to induce myogenic differentiation under hypoxia. This effect is specific to the myogenic action of IGF, as overexpression of myrAkt did not result in any significant changes in cell number. Inhibition of mTOR activity by rapamycin abolished the differentiation promoting effect of IGF under normoxia, whereas it had no effect on the IGF-induced increase in cell number. How hypoxia represses Akt signaling in muscle cells is not yet clear, but it has been reported in a number of mammalian cell types that hypoxia exerts its effect on mTOR signaling by inducing negative regulatory factors, such as REDD1 and AMPK (15, 16) . In differentiating myoblasts, we also found that hypoxia increases REDD1 levels (Fig. S4) . Therefore, the elevated REDD1 may inhibit mTOR signaling in muscle cells.
In addition to inhibiting Akt-mTOR, hypoxia also inhibits p38 MAPK signaling in differentiating myoblasts. Although the p38 MAPK was discovered based on its activation by stress and proinflammatory cytokines, there is now compelling evidence for its myogenic role during myogenesis (13) . In this study, we observed that IGF activates p38 MAPK in the early stages of myogenesis. Pharmacological blockade of p38 MAPK inhibited the IGF-induced increase in muscle differentiation. Importantly, inhibition of p38 MAPK by SB203580 increased the mitogenic effect of IGF under normoxia, suggesting that p38 MAPK plays dual roles during myogenesis, promoting the myogenic actions of IGF while inhibiting its mitogenic actions. Consistent with the low p38 MAPK activity under hypoxia, pharmacological blockade of the p38 MAPK did not change basal or IGF-induced changes in differentiation or cell number under hypoxia. At present, there are contradictory viewpoints concerning the relationship between the PI3K-Akt and p38 MAPK pathways in muscle cells. Many studies suggest that a positive feedback loop may exist between these two pathways (17) (18) (19) (20) . Other studies, however, have suggested that inhibition of the PI3K did not affect the phosphorylation state and activity of p38 MAPK (21) (22) (23) (24) , indicating that they may be two parallel pathways that regulate common myogenic genes. Our studies have clearly demonstrated that these two pathways have overlapping yet distinct roles during myogenesis. Whereas both Akt and p38 MAPK are required for myogenic differentiation, p38 MAPK, but not Akt, affects proliferation. Taken together, these findings indicate that hypoxia strongly represses Akt-mTOR and p38 MAPK activities during myogenesis, and that the reduced activities of Akt-mTOR and p38 MAPK contribute to the altered cellular responses to IGFs.
Another key finding in this study is that hypoxia increases and/ or prolongs the IGF stimulated Erk1/2 activation in differentiating myoblasts. Whereas IGF caused a rapid and transient increase in phospho-Erk1/2 levels under normoxia, it caused a greater and more sustained activation of Erk1/2 under hypoxia. It is clear that IGF preferentially activates the Erk1/2 MAPK signaling pathway under hypoxia, as both the Akt-mTOR and p38 MAPK pathways are repressed by hypoxia. This rewiring of the signaling network has important functional significance. Inhibition of Erk1/2 activity by U0126 abolishes the mitogenic action of IGFs in myoblasts. Unexpectedly, inhibition of Erk1/2 activity not only resulted in an increase in the myogenic action of IGF-II under normoxia, but also restored the myogenic action of IGF-II under hypoxia. These data suggest that the activation of the Erk1/2 signaling pathway not only stimulates myoblast proliferation, but also suppresses myogenic differentiation.
There are several possible mechanisms that could explain how hypoxia alters the ability of IGF-II to activate Erk1/2 MAPK and how the activated Erk1/2 inhibits muscle cell differentiation. A recent study by Carracedo et al. has shown that inhibition of mTOR by rapamycin leads to the activation of Erk1/2 through an IRS-1/PI3K-dependent feedback loop in human cancer cells in vitro and in vivo (25) . Intriguingly, these authors also reported that rapamycin enhanced the ability of IGF-I and insulin to activate Erk1/2 MAPK in MCF7 human breast cancer cells (25) . Koyama et al. have reported that IGF-I activates Erk1/2 via the formation of the Gab1 and SHP2 complex in C2C12 myoblasts under normoxia (26) . Importantly, the Gab1-SHP2-Erk1/2-signaling pathway inhibits IGF-I-dependent myogenic differentiation in C2C12 myoblasts (26) . It is plausible that hypoxia may alter the expression of Gab1 directly or indirectly. Future experiments are needed to determine whether hypoxia/HIF-1 regulates Gab1 gene expression in myoblasts.
Based on these findings, we propose a model of how oxygen tension determines muscle cell responses to the IGF signal (Fig.  5G) . The link between hypoxia and IGF signaling illustrated in Fig. 5G may represent a normal developmental program by which muscle stem/precursor cells respond to different oxygen tensions in their microenvironments. The physiological relevance of our findings is supported by the fact that hypoxia has a similar effect in primary murine skeletal myoblasts. Our conclusion is also supported by recent in vivo findings in nonmammalian vertebrate model organisms. It has been reported that hypoxia decreases the rate of somitogenesis in zebrafish embryos through the inhibition of IGF signaling (27) . The interplay between hypoxia/HIF-1 and the IGF signaling pathway unraveled in this study may also have important implications in muscle hypertrophy, atrophy, and regeneration. There is in vitro and in vivo evidence that the activation of the PI3K/Akt signaling pathway by IGFs increases skeletal muscle hypertrophy and prevents muscle atrophy (28, 29) . The in vivo functional importance of the IGF1/ PI3K/Akt pathway in muscle regeneration has also been demonstrated (30, 31) . Likewise, the p38 MAPK pathway is also activated in satellite cells in response to locally released soluble inflammatory factors, and promotes cell-cycle arrest (32) and terminal differentiation (33, 34) . IGFs are mitogens and potent survival factors for a variety of cancer cells, and the up-regulation of IGFs is found to be positively correlated with tumor progression and metastasis (35) . One aspect of the microenvironment that differs in normal tissue versus tumor tissue is oxygen tension. For example, solid tumors often have poorly formed vasculature, which is associated with local hypoxia. The presence of HIF-1 is often associated with poor prognosis and has been linked to tumor cell survival, proliferation, and migration; many HIF-1 target genes are involved in crucial aspects of cancer biology (9) , and efforts are underway to develop specific molecules targeting the HIF pathway as anticancer therapeutics. Therefore, the specification of IGF actions by oxygen tension unraveled in this study may also have implications in cancer biology.
Experimental Procedures
Materials. All chemicals were reagent grade and were purchased from Fisher Scientific unless otherwise noted. The IGF-1R inhibitor NVP-AEW541 was kindly provided by Novartis Institutes for Biomedical Research. HIF-1a expression vector and reporter genes were purchased from ATCC.
Plasmid Construction. Mouse IGF-II, PGK1, GLUT1, and PDK1 partial cDNA were amplified by RT-PCR and cloned into the pGEM-T Easy vector (Promega). The pCS2+myr-Akt construct, which expresses a constitutively active, membranelocalized full-length mouse Akt1 (36) , was provided by Anne Vojtek, University of Michigan. pSUPER-HIF-1α was constructed following a published sequence (37) . CaMKK6 was kindly provided by Jiahuai Han, Scripps Research Institute.
Cell Culture and Transfection. The cell culture and transfection were done as previously reported (38) . For differentiation experiments, the cells were washed with SFM and then transferred to differentiation medium (DM) consisting of DMEM containing 0.5-2% equine serum. Cells were subjected to hypoxia (1% O 2 ) or normal oxygen (20% O 2 ) in a humidified modular incubation chamber (Billups-Rothenberg). Primary murine myoblasts were isolated from 2-to 5-day-old CD1 mice (Charles River Laboratories) and were cultured following a previously reported method (4).
RT-PCR and Quantitative Real-Time PCR. Total RNA was extracted from cells using the TriPure Reagent. After treatment with DNase, RNA was subjected to reverse transcription using SuperScript II reverse transcriptase (Invitrogen) according to the supplier's instructions. qRT-PCR was carried out as reported previously (4) .
Western Immunoblot and Immunohistochemistry. Western blot and immunohistochemical staining were carried out as previously reported (4) . Cell number was quantified as the number of DAPI-stained nuclei per microscopic field of view. Differentiation index (%) was defined as the percentage of MHC positive nuclei divided by total nuclei. Differentiation index (%) for primary cells was defined as the percentage of nuclei number in differentiated myotubes (harboring more than two nuclei per myotube) divided by total nuclei number.
Luciferase Reporter Assay. The transcriptional activity of HIF-1 was determined as described previously (39) .
Proliferation Assays. Cell proliferation was determined by bromo-2-deoxyuridine (BrdU) incorporation assay as reported previously (40) . Proliferation index is defined as the percentage of BrdU-labeled nuclei divided by total nuclei. Statistical Analysis. Differences among groups were analyzed by Student's t test or ANOVA using Prism (GraphPad Software). Significance was accepted at P < 0.05 or better.
